In the present study the Li diffusivity in nanostructured samples of two glass forming model systems, spodumene (LiAlSi 2 O 6 ) and lithium metaborate (LiBO 2 ), was examined using 7 Li nuclear magnetic resonance (NMR) spin-lattice relaxometry and dc conductivity measurements. The nanostructured samples were prepared by high-energy ball milling of the respective crystalline starting material on the one hand and the corresponding glass on the other hand. The diffusivity of the glass exceeds that of the crystalline sample for both systems. However, when the crystalline samples are mechanically treated by ball milling the diffusivity is enhanced. Nevertheless, the diffusivity of these nanocrystalline samples remains lower than that of the corresponding glass. Surprisingly, when the glassy samples are treated in the same way the diffusivity decreases. After sufficiently long milling times the diffusivity of these nanoglassy samples approaches that of the nanocrystalline samples. This convergence effect seems to be due to structural relaxation processes as is suggested by supplementary infrared spectroscopy and 27 Al,
Introduction
In the last decades nanostructured materials have gained intense and ever growing interest [1] . Nanostructured materials show a great variety of properties in comparison with bulk materials even when the same chemical composition is considered (see, e.g., [2] ). This opens up a wide field of new materials for different applications, e.g. as catalysts [3] , sensors [4] , adsorbents [5] , advanced ceramics [6, 7] or as electrodes and electrolytes in secondary Li batteries [8, 9] . While the properties of single crystalline materials should be independent of the synthesis route, this is surely not the case for nanostructured materials which generally are metastable. The differing properties of, in particular, nanocrystalline materials in comparison with single crystalline ones are mainly attributed to the high volume fraction of interfacial regions [10] which increases with decreasing crystallite size d according to x interface = 1-[(d-δ).d] 3 where δ denotes the thickness of the interface. The interfacial structure is strongly dependent on the preparation method of the samples. When prepared by grinding, i.e. high-energy (HE) ball milling (a top-down technique), highly defective interfaces are expected while this is not necessarily the case for nanocrystalline materials obtained by other techniques, e.g., chemical vapor deposition or epitaxy methods (bottom-up techniques). Thus it is not surprising that for nanocrystalline materials of the same composition properties may differ significantly. It should be noted that not only the structural properties of the interface are important but also space-charge effects [11] may be significant. However, in our present case it will turn out that the experimental findings are explicable by considering only structural effects.
As pointed out above, the term 'nanocrystalline' is used widely and independently of the preparation method. The term 'nanoglassy' was introduced by Gleiter [12] for nanostructured noncrystalline materials, in that case prepared by a bottom-up technique (gas condensation). However, analogously to 'nanocrystalline', we use the term 'nanoglassy' also for our nanostructured noncrystalline materials prepared from the glass by the top-down technique HE ball milling.
As model systems in order to compare the nanocrystalline and the corresponding nanoglassy state with respect to their ion dynamics we here chose spodumene (LiAlSi 2 O 6 ) and lithium metaborate LiBO 2 . The glassy form is easily available from the melt [13] [14] [15] [16] in both cases. By investigating the Li dynamics in the crystal and in the corresponding glass, being chemically identical but structurally different, it is possible to deduce some structural features which promote ionic motion. Comparisons between diffusivities in crystalline spodumene as well as other Li aluminosilicates and their respective glassy counterparts have been reported in [13, 14, [17] [18] [19] [20] [21] [22] [23] [24] [25] . When nanostructured samples are considered, in addition to the two structural varieties glass and crystal many other samples of the same chemical composition but with a different structure can be prepared allowing new insights into the structure-dynamics relation in those systems. In earlier work by our group and others, ion dynamics in nanocrystalline materials was studied (for reviews see, e.g., [10, 16, 26] ). It was found that in many cases ionic motion is faster in nanocrystalline materials prepared by HE ball milling than in the corresponding microcrystalline powders. Surprisingly, HE ball milling of the glassy materials has the opposite effect, i.e. a decrease of the diffusivity, as has very recently been reported by us in either of the two compounds [16, 27] . In this paper we will point out the similarities of the two case studies which make it reasonable to assume that the findings represent a rather generic behavior which will show up also in other glass forming systems.
Experiment

Sample Preparation and Characterization
Glassy LiAlSi 2 O 6 was provided by Schott Glaswerke (Germany) [14] . Appropriate amounts of Li 2 CO 3 , Al 2 O 3 and SiO 2 were melted. The glass was obtained from the melt by roller quenching. The product turned out to be fully x-ray amorphous (Fig. 1a) . Differential thermoanalysis (DTA) showed a second order phase transition at T g = 960 K followed by an exothermal peak (crystallization) at 1120 K. Microcrystalline LiAlSi 2 O 6 was prepared by devitrification of the glass. The crystallization process was completed after heating the glass sample for five days at 1270 K. X-ray diffraction (XRD) measurements of the crystalline sample confirmed the phase purity and revealed the typical pattern of microcrystalline -spodumene [28] . XRD patterns were recorded with a Philips PW 1800 diffractometer (Bragg-Brentano geometry) using Cu K α radiation.
Nanocrystalline LiAlSi 2 O 6 was prepared by HE ball milling using a SPEX 8000 ball mill. An alumina (α-Al 2 O 3 , 99.5%) vial set with a single ball (10 mm in diameter) made of alumina was used. Alternatively, a ZrO 2 vial set was employed which led to the same results. The ball-to-powder weight ratio was about 4:1. The LiAlSi 2 O 6 glass was mechanically treated under the same conditions. In both cases the milling time was varied from 1 h to 8 h. The ball milled samples were characterized by XRD and transmission electron microscopy (TEM). The average crystallite size was roughly estimated from the broadening of the three most intense XRD peaks utilizing the equation introduced by Scherrer [29] (cf. [10] ). For both the micro-and the nanocrystalline sample the typical x-ray pattern of -spodumene was obtained indicating that no phase transformation took place during milling, see Fig. 1a . The glassy LiAlSi 2 O 6 as well as the corresponding ball milled samples were found to be completely x-ray amorphous (Fig. 1a) . Abrasion of α-Al 2 O 3 is unavoidable when the materials are milled in the alumina vial for longer times. However, small amounts of α-Al 2 O 3 (approximately 5 wt% or less) were shown to have no effect on the Li conductivity here. Preliminary TEM images of the nanocrystalline samples seem to show crystalline particles embedded in an amorphous matrix of grain boundaries. For the mechanically treated glassy samples no indications of crystalline regions were found. The particle size estimated via TEM appears to be somewhat larger than the crystallite size which can be deduced via the Scherrer equation. This supports the conception of nanocrystallites being cluster assembled. The samples are only very weakly hygroscopic. After being kept under air for several months, thermo-gravimetry (TG) measurements showed a water content of less than 2%. In infrared (IR) spectra of fresh samples prepared under ambient air, there are no indications of any moisture.
Microcrystalline LiBO 2 (99.995%, Aldrich Chemical Co.) was used as a starting material for the nanocrystalline samples. XRD measurements using a Philips PW 1050 (Bragg-Brentano geometry) showed that the delivered powder was a mixture of the main component α-LiBO 2 , γ-LiBO 2 (20% or less) and some Li 2 B 4 O 7 (Fig. 1b) . The LiBO 2 glass was prepared from Li 2 CO 3 and B 2 O 3 . Appropriate amounts of these educts were ground in a ball mill and then melted in a platinum crucible (1325 K, 20 min). The melt was quenched between two polished copper plates. The glass was found to be fully x-ray amorphous and showed the expected molar ratio of Li:B = 1:1 as confirmed by inductively coupled plasma atomic emission spectroscopy (ICP-AES, performed by the Forschungszentrum Jülich). DTA measurements were done using a Netzsch STA 429. In the DTA curves (Fig. 2b) , the glass transition is clearly seen at 700 K followed by an exothermal peak indicating crystallization at 780 K [15] .
Nanocrystalline LiBO 2 was prepared using a SPEX 8000 ball mill as described above for LiAlSi 2 O 6 with a ball-to-powder weight ratio of 1:1. The milling times were varied between 0.5 h and 48 h. After 10 h the crystallite size, calculated via the Scherrer equation (see above), was about 15 nm and was not reduced any further. It seems that only for α-LiBO 2 the crystallite size is reduced (as seen by a broadening of the XRD peaks, see Fig. 1 ) while the γ-LiBO 2 peaks in the XRD pattern remain unaltered by milling. Abrasion of alumina was not observed here. DTA measurements of the nanocrystalline samples (Fig. 2a) showed an exothermal peak at 710 K due to crystallization which increases with increasing milling time. This indicates a partial amorphization during milling, which results in nanocrystals embedded in an amorphous matrix [15] . The second, endothermic, peak visible in the DTA curves of nanocrystalline LiBO 2 in Fig. 2a is due to the transformation of the γ-LiBO 2 , partially present in the sample, to α-LiBO 2 [15] . When milling the LiBO 2 glass, the ball-to-powder weight ratio had to be increased to 4:1 since there was only a small amount of the glass available. Thus, milling times are not directly comparable. For nanoglassy LiBO 2 as well, there were no signs of crystallization in the XRD measurements. DTA curves (Fig. 2b) show a decrease of the crystallization temperature down to 730 K with decreasing particle size, which makes it impossible to observe a glass transition in the ball milled samples. However, for short milling times it seems that the glass transition covers a broader temperature range and is less pronounced than in the unmilled glass, which might indicate a distribution of glass transition temperatures.
LiBO 2 is known to be rather hygroscopic. Therefore, all steps of the preparation and handling (except for the quenching of the glass) were performed under dry nitrogen atmosphere in a glove bag. Nevertheless, thermogravimetry (TG) as well as IR spectroscopy measurements showed a small amount of water (less than 2%) which was essentially equal for all samples. When the samples were intentionally kept under a water atmosphere, the hydration kinetics, measured via the increase of weight as a function of time, could be followed. Remarkably, the nanocrystalline sample showed exactly the same behaviour as the microcrystalline one. After 180 h, the weight of the samples had increased by 45%.
NMR, Impedance and IR Measurements -Technique and Setup
For the NMR measurements, a modified MSL 100 spectrometer (Bruker, Germany) was used. The radiofrequency pulses were amplified with a Kalmus LP 400 high-frequency power amplifier. A tunable Oxford cryomagnet (0 -8 T) was used. Measurements were performed at a nominal field of 4.7 T for the LiAlSi 2 O 6 samples and 1.5 T for the LiBO 2 samples corresponding to a 7 Li resonance frequency of about 77.7 MHz and 24.5 MHz, respectively. Measurements were carried out in the temperature range from 170 K to 490 K with a commercial Bruker probe. The temperature was controlled with an accuracy of 0.5 K using a gas flow of freshly evaporated nitrogen or a stream of heated air. 7 Li spin-lattice relaxation rates were determined using the conventional saturation recovery pulse sequence: 10!90°-t -90°-acq. A comb of closely spaced (50 µs) 90°pulses destroyed the equilibrium magnetization M 0 . Its diffusion induced and thus temperature dependent recovery was followed as a function of delay time t. The 90°pulse length was about 5 µs. Magnetization transients showed single-exponential time behaviour M(t) = M 0 (1-exp(-t.T 1 )) within ±10 %. They were recorded for 30 different t values. The longest delay time t In the DTA curve of the glass, the glass transition at 700 K is clearly seen, while this is not the case for the ball-milled samples. The crystallization peak at 780 K is shifted to lower temperatures during milling.
was set to at least 5 T 1 . Each data point of M(t) was obtained utilizing the integral over the free induction decay (FID). The 7 Li NMR spectra of LiBO 2 were obtained simply by a Fourier transformation of the equilibrium FID from the spinlattice relaxation measurements. The 7 Li NMR spectra of LiAlSi 2 O 6 were recorded with the solid-echo pulse sequence 90°-t e -64°-acq. (see, e.g., Ref. [31] ) to avoid problems arising from dead time. The interpulse delay ranged from 10 to 20 µs. It should be noted that in the case of microcrystalline LiBO 2 NMR measurements were not possible in reasonable time (it took 2-3 days to measure one FID) due to the small 7 Li spin-lattice relaxation rate 1.T 1 . After 6 h of milling, 1.T 1 was large enough to allow NMR measurements. 27 Al and 11 B magic angle spinning (MAS) NMR measurements were performed at room temperature using a commercial Bruker probe. Measurements were carried out at spinning rates of 10 kHz and 12 kHz in order to distinguish spinning sidebands.
Impedance measurements on both the nanocrystalline and nanoglassy samples were only performed for the model system LiAlSi 2 O 6 . Pellets for impedance measurements were prepared by conventional room temperature pressing of the ball milled powder under an uniaxial pressure of 1 GPa. Conductive carbon was used as electrode material. In the case of glassy LiAlSi 2 O 6 thin specimens were prepared, which were polished before conductive carbon adhesive (Alfa Aesar) was applied. Alternatively, Au was used which led to the same results as already pointed out by Roth and Böhm [18] . However, Au did not adhere well to the surface of the samples at higher temperatures. Impedance spectra were recorded with an HP 4192 A impedance analyzer. An alternating voltage of 100 mV amplitude was applied to the sample over a frequency range from ν = 10 Hz to 1 MHz. Conductivity jigs with a four terminal configuration were used. Impedance spectra were recorded between room temperature and 800 K in nitrogen atmosphere. At higher temperatures (T > 800 K) significant grain growth of the nanocrystalline particles proceeds.
For IR absorbance spectroscopy measurements in the case of LiBO 2 , pellets of 200 mg KBr and 2 mg of the samples were pressed. A pure KBr pellet was used as a reference. The spectra were recorded using a Bruker IFS66v.S IR spectrometer with an evacuated measurement chamber to reduce influences of carbon dioxide and water. For IR reflectance spectroscopy measurements, a Bruker Tensor 27 FT-IR spectrometer with the reflection angle set to 90°was used.
Results and discussion
NMR motional narrowing
The 7 Li NMR line at low temperatures in the so-called rigid lattice regime is determined by static dipolar interaction between the magnetic moments of the nuclei leading to a broad, often Gaussian shaped, line with a full width at half maximum (fwhm) in the order of usually some kHz. At higher temperatures when the ionic motional correlation rate becomes fast with respect to the rigid lattice fwhm, the NMR line narrows to a sharp, often Lorentzian shaped, line. The onset temperature of this effect called motional narrowing (MN) is a rough parameter to characterize the diffusivity in a material [32] . In Fig. 3a , the MN of the linewidth of the 7 Li NMR central transition, recorded at a frequency of ωω 0 . 2π = 77.7 MHz and normalized to the rigid lattice linewidth, is shown for glassy and crystalline LiAlSi 2 O 6 as well as for the respective ball-milled samples (t mill = 4 h). The rigid lattice linewidth fwhm rigid lattice varied between 3.5 kHz and 4 kHz (crystalline sample: 3.55 kHz, glassy sample: 3.65 kHz, ball milled samples: 3.8 -4.0 kHz). The slightly higher value in the ball milled samples is probably due to a small amount of paramagnetic impurities introduced into the sample. There is no systematic correlation between the milling time and the rigid lattice linewidth in the ball milled samples; the variations between samples of the same milling time are of the same magnitude as those between samples of different milling times.
For LiBO 2 the 7 Li NMR spectra were recorded at a frequency of ω 0 .2π = 24.5 MHz. As mentioned above, for LiBO 2 it was not possible to measure the microcrystalline sample in a reasonable time due to the long relaxation time. However, one spectrum was recorded at an elevated temperature (460 K, the highest temperature accessible with the probe used here). The central transition showed a fwhm of about 9 kHz which is still in the order of the rigid lattice linewidth of the other samples (about 10 kHz for the glassy and nanoglassy samples, about 11 kHz for the nanocrystalline sample ball milled for 24 h). In Fig. 3b the motional narrowing of glassy LiBO 2 and, instead of microcrystalline LiBO 2 , that of the sample milled for 6 h are depicted. Additionally, the motional narrowing of the nanostructured samples referring to long milling times (t mill = 12 h for the nanoglassy sample, t mill = 24 h for the nanocrystalline sample) is shown.
Obviously both systems exhibit the same trend. The glassy samples show the highest and the crystalline samples show the lowest diffusivities. During milling, the diffusivity of the crystal is enhanced while the opposite effect is found for the glass resulting in a convergence of diffusivities during milling.
3.2 7 Li NMR spin-lattice relaxation 7 Li NMR spin-lattice relaxation (SLR) rates ( .(k B T) ]. In the ideal BPP case, the Arrhenius plot of the NMR SLR rates is symmetric and the activation energies of the low-temperature flank and the high-temperature flank are equal. However, if structural disorder is present, there may be a distribution of activation energies. In that case, the activation energy obtained from the low-temperature flank (τ -1 << ω 0 ), being according to its time scale sensitive to short-range motion, is smaller than that from the high-temperature flank (τ -1 >> ω 0 ) or that measured by other long-range sensitive methods such as dc conductivity (see, e.g., Ref. [23] ).
In the present case the NMR SLR rates at still lower temperatures are determined by non-diffusion induced background relaxation which is, e.g., due to relaxation by lattice phonons and.or paramagnetic impurities. However, at higher temperatures (but still on the low-temperature flank, see Refs. [14, 17] ), the NMR SLR rates are diffusion induced and can thus be used to compare shortrange diffusivities in a qualitative manner.
In Fig. 4 the diffusion induced 7 Li NMR SLR rates 1.T 1,diff are shown in Arrhenius plots for the two model systems. For both LiAlSi 2 O 6 and LiBO 2 the trend observed in the MN of the NMR lines (see Fig. 3 ) is found again. In the case of LiAlSi 2 O 6 (Fig. 4a) , the decrease of Li diffusivity in the glass during milling and the enhancing effect of milling in the crystalline material are clearly seen. We will call this 'convergence effect' in the following. The activation energies referring to short-range diffusivity amount to 0.32 eV in the glass and 0.38 eV in the crystal, and depend only slightly on the milling time. In the case of LiBO 2 , the SLR rates follow the same general trend (Fig. 4b) . As mentioned above, it was not possible to measure the microcrystalline sample. The sample with the shortest milling time which could be measured was that milled for 6 h. However, even for this sample the relaxation rates seem to be dominated by nondiffusion induced background relaxation. Still, the data was plotted in the diagram since the total relaxation rate 1.T 1,total is always larger or equal to the diffusion induced relaxation rate: 1.T 1,total = 1.T 1,diff +1.T 1,background ≥ 1.T 1,diff . In the temperature range shown in Fig. 4b the NMR SLR rates of all the other samples are diffusion induced. Their activation energies range from 0.21 eV to 0.23 eV and are only slightly affected by milling. Thus, the convergence effect seen in Fig. 4a for LiAlSi 2 O 6 is also found for LiBO 2 . It should be noted that the decrease of the NMR SLR rate in the nanoglassy samples is not due to abrasion of alumina for the following reasons. Firstly, concerning the background relaxation rate, abrasion of alumina or any other contamination, e.g. by paramagnetic ions, during milling is expected to lead to an increase rather than a decrease of the relaxation rate. Secondly, also the diffusion induced relaxation rate normally increases when an ionic insulator is admixed to an ionic conductor, thus forming a nanocrystalline composite with enhanced conductivity, as is known from previous work by our group on Li 2 O-B 2 O 3 and Li 2 O-Al 2 O 3 [34 -39] . This was confirmed in the present study by intentionally adding nanocrystalline alumina (up to 75%) to nanoglassy LiAlSi 2 O 6 which led to a slight increase of 1. T 1 (by about 25%). Additionally, both glassy and crystalline spodumene were milled in a zirconia vial set where abrasion is minimized. The convergence effect was also found for these samples (measured by 7 Li NMR SLR and 7 Li NMR MN). So the decrease of the relaxation rates in the glassy samples during milling is most probably due to a decrease of diffusivity.
In Fig. 5 the 'convergence effect' is seen more clearly. Here, the 7 Li NMR SLR rates at a given temperature in the diffusion induced temperature range are shown as a function of the milling time. For both model systems the same general behavior is found. In crystalline LiAlSi 2 O 6 (see Fig. 5a ) the NMR SLR rate is increased by about a factor of 3 during milling while a reduction by the same factor is found for glassy LiAlSi 2 O 6 . In the case of crystalline LiBO 2 (Fig. 5b) , the NMR SLR rate is increased by a factor of at least 30 when going from t mill = 6 h to 24 h. Nevertheless, for glassy LiBO 2 the NMR SLR rate is reduced by a factor of 3 during milling which is the same value as found for LiAlSi 2 O 6 . This factor might represent the excess diffusivity which refers to the structure of the glass prepared by rapid cooling in comparison with the amorphous structures prepared at room temperature by HE ball-milling. When milling the crystalline materials, the diffusivity converges to a value which is by about a factor of 3 smaller than that in the glass. In the case of LiBO 2 the diffusivity of the crystalline material converges after longer milling times than in the case of the glassy sample. This is due to a smaller ball-to-powder weight ratio (1:1 instead of 4:1, see section 2.1).
Impedance spectroscopy
As mentioned above, impedance spectroscopy measurements for both the nanocrystalline and the nanoglassy samples were only performed for LiAlSi 2 O 6 , and only the dc conductivity results of this model system will be dealt with here. The dc conductivity of nanocrystalline LiBO 2 , which increases with increasing milling time similar to that of nanocrystalline LiAlSi 2 O 6 (see below), has been reported in Ref. [16] .
As indicated earlier, dc conductivities contain information about long-range diffusivity according to the time scale (5 Hz...10 kHz) of the measurement. The dc conductivity σ dc is directly related to the long-range diffusion coefficient D dc via the Nernst-Einstein relation D dc = σ dc k B T. (Nq 2 ) . N and q denote the number density and the charge of the charge carrier, respectively. This equation is valid when the conductivity is only due to a thermally activated jumping process of one mobile ion species. In general, the temperature dependence of D dc , and thus that of σ dc T, follows an Arrhenius law. In Fig. 6 the dc conductivities obtained from the dc plateau of the impedance spectra (real part of the conductivity σ' vs. the frequency ν) are displayed in an Arrhenius plot. Altogether the convergence effect pointed out in section 3.2 for the short-range diffusion induced NMR SLR rate is also found for the dc conductivity of LiAlSi 2 O 6 . The glass sample shows the highest conductivity and the microcrystalline one the lowest conductivity while the nanostructured samples have intermediate conductivities. The dotted line represents the conductivity of a single crystal reported by Roth et al. [18] . The conductivity of the microcrystalline sample measured here is slightly lower. Obviously there are some blocking effects by the grain boundaries in this material. However, the conductivity of the glass we measured perfectly fits with that of Ref. [18] . The long-range activation energies are 0.82(1) eV for the microcrystalline sample and 0.69(1) for the glass. The activation energies of the nanostructured samples of 0.80(1) eV are nearly identical. 11 B, 27 
Structural investigations by
Al MAS NMR and IR spectroscopy
In order to elucidate the structural changes that take place during milling, MAS NMR and IR spectra were measured for all samples. As already pointed out in the literature [28, 40, 41] , both Si and Al in glassy LiAlSi 2 O 6 as well as in crystalline LiAlSi 2 O 6 in the -modification have the same coordination polyhedra. Both Si and Al are tetrahedrally coordinated forming a three-dimensional network. The Li ions do not take part in that network but remain in the cages formed by the network compensating its negative charge. In Fig. 8a , 27 Al MAS NMR spectra show that only tetrahedral Al (chemical shift δ ≈ 50 ppm) is present also in the ball milled samples indicating that the coordination does not change during milling. Expectedly, the 27 Al MAS NMR line of crystalline spodumene is narrower than that of the milled samples and the glass. During milling the 27 Al MAS NMR line of the crystalline sample is broadened which reflects the structural disorder introduced into the sample. Note that for the 27 Al MAS NMR measurements the samples were milled in a zirconia vial set in order to exclude influences of abraded alumina. These findings are corroborated by IR measurements. The IR reflectance spectrum (see Fig. 7a ) of the crystalline sample shows at least three peaks of asymmetric SiO stretching vibration in tetrahedral SiO 4 units at 990 cm -1 , 1050 cm -1 and 1150 cm -1 and bending vibration modi at 700 cm -1 and 790 cm -1 which is in good agreement with IR absorbance spectra in the literature measured with the Nujol and KBr pellet methods [42, 43] . The IR reflectance spectrum of the glass shows a broad peak of asymmetric SiO stretching vibration at 960 cm -1 with a broad shoulder at 1150 cm -1 [44] . There is considerable disagreement about the origin of this shoulder in the case of vitreous SiO 2 in the literature (see, e.g., [45 -50] ). However, when the spectra of crystalline and glassy spodumene are compared, it seems that the shoulder in the spectrum of the glass corresponds to the peaks visible in the spectrum of crystalline spodumene. The respective peaks in the spectrum of crystalline spodumene might be broadened by additional disorder in the glass. When the crystalline sample is ball milled the peak at 1150 cm -1 is broadened indicating partial amorphization. The most important difference between the spectra of glassy and crystalline spodumene is the shift of the main peak from 990 cm -1 in crystalline spodumene to 960 cm -1 in glassy spodumene. The chemical composition and the structural subunits (coordination polyhedra) of glassy spodumene and crystalline -spodumene are identical (see above and e.g. [40, 41] ). In both cases, Al as well as Si are tetrahedrally coordinated. Therefore, the shift of the SiO asymmetric stretching vibration might be attributed to contributions of smaller Si-O-Si bond angles in the bond angle distribution in the glass [45, 51, 52, 53] . In crystalline -spodumene, rings of 5, 6, and 7 tetrahedra exist in the network [28] . In the glass also smaller and larger rings do exist [54] . Interestingly, when the glassy sample is ball-milled, this peak is shifted to higher wave numbers (980 cm -1 after 4 h in a ZrO 2 vial set) thus converging to the value found for crystalline spodumene. For vitreous SiO 2 , a direct correlation between the maximum of the SiO stretching vibration peak and the so-called fictive temperature [66] , at which the structure is frozen, was shown [52, 53] . Here, a larger Si-OSi bond angle is associated with a decrease of the fictive temperature. So the shift of the maximum of the IR peak we observed during milling the spodumene glass might as well be due to a reduction of the fictive temperature, i.e. structural relaxation. An IR study on structural relaxation in spodumene glass due to thermal annealing was recently published in Ref. [55] .
In the case of LiBO 2 , the IR spectra (see Fig. 7b ) of the crystalline and glassy samples show considerable differences reflecting the different coordination poly-hedra present in the crystal and in the glass. The structure of crystalline α-LiBO 2 consists of metaborate chains which are made up of trigonal BO 3 units with two bridging oxygen atoms and one oxygen atom not being part of the chain. The resulting negative charge of the chains is compensated by the Li ions. The IR spectrum of the crystalline sample (Fig. 7b, bottom) : deformation of the borate chain, 550 cm -1 : Li vibration in the lattice) and those of γ-LiBO 2 (marked by asterisks) with the vibration bands of tetrahedral BO 4 units around 1000 cm -1 [30, 56] . The IR spectrum of the glass (see Fig. 7b , top) shows broad bands of both tetrahedral BO 4 units (around 1000 cm -1 ) and trigonal BO 3 units (1440 cm -1 and 1240 cm -1 ), the deformation vibration at 730 cm -1 and the Li vibration at 460 cm -1 . During milling of the glass, the spectrum is not altered very much indicating that the local structure is only slightly changed. However, also for glassy LiBO 2 the peak at 950 cm -1 is increased in relative intensity and shifted a little bit to higher values (970 cm ) during milling which, again, indicates slight structural changes. For the microcrystalline sample the situation is quite different. While the bands of γ-LiBO 2 are not changed in intensity during milling (as similarly found in XRD), the typical bands of α-LiBO 2 decrease in intensity. Obviously, α-LiBO 2 is turned into amorphous LiBO 2 . The vibration bands for trigonal BO 3 are shifted to the values typical of the glass. Most importantly, some of the BO 3 units are transformed into tetrahedral BO 4 units forming a broad band around 1000 cm -1 as found in the glass. Except for the residual peaks (about 7%) of α-LiBO 2 and those of γ-LiBO 2 , the IR spectrum of the nanocrystalline sample is identical to that of the nanoglassy sample or the glass. Thus, the nanocrystalline sample consists of nanocrystals embedded in an amorphous matrix (cf. the DTA results shown in Fig. 2 ). The results found by IR spectroscopy are corroborated by 11 B MAS NMR measurements (see Fig. 8b ). The spectrum of the crystalline sample is composed of two main contributions. Firstly, a narrow line around 0 ppm (w.r.t. BF 3 · Et 2 O) which represents tetrahedral BO 4 units of γ-LiBO 2 and, secondly, a broad line around 10 ppm which represents trigonal BO 3 units [57] . During milling, the amount of tetrahedral BO 4 is increased. The spectra of the glassy, nanoglassy and nanocrystalline samples are nearly identical. Here, the relative amount of tetrahedral BO 4 is slightly above 40% which is the value also reported in the literature [58].
Interpretation of the findings
As found here as well as in other glass forming systems, the diffusivity of the glass is higher than that of the corresponding crystal [13, 14, 16, 17, 19, 20] . This can be attributed to two main effects. Firstly, the structural units are not uniform like in a crystal but disordered. There exists a distribution of bonding angles, ring statistics and bond lenghts resulting in a distribution of activation energies for an ion which performs jumps in the glass network [59, 60, 40, 61] . Percolation of low-potential barriers leads to highly diffusive pathways which determine the over-all diffusivity [62, 63] . Secondly, the density of a glass is usually 1-2% lower than that of the crystal since the structure of the glass refers to a high-temperature equilibrium structure of the liquid. There are defects or local strains of very high enthalpy present. Although this is not necessarily the case, this can promote the diffusivity of ions diffusing through the network.
The diffusivity in the two crystalline materials studied here is enhanced by HE ball milling. This effect has also been found for other ion conducting materials (see, e.g., [10, 26, 64, 65, 66] ) and is attributed to highly defective or amorphous grain boundaries introduced into the sample in mechanical treatment. As the crystallite size is reduced these highly diffusive grain boundaries more and more dominate the over-all properties of the whole sample (see section 1). However, the diffusivity of the glass is not reached even though sometimes, as in the present case, amorphization takes place. This might be due to the fact that the structure of the glass refers to a very high fictive temperature, at which the structure is frozen [66] . In mechanical treatment, it is rather improbable that a glass-like structure refering to a high-temperature equilibrium state with its high free volume and local strains is produced. Only structures that are stable under the conditions present in the mill can be produced by milling. This is obviously not the case for the as-quenched glassy structure since it is indeed changed during milling. The decrease of diffusivity in the glass in mechanical treatment is an effect that has, to our knowledge, not been observed before. On first sight it seems astonishing that in the one case HE ball milling increases the diffusivity while in the other case a decrease of diffusivity is found. Our structural investigations show no structural change concerning the coordination sphere that could be responsible for the decrease of diffusivity when going from the glass to the Fig. 8 . a) 27 Al MAS NMR spectra of crystalline, nanocrystalline, nanoglassy and crystalline LiAlSi 2 O 6 recorded at 104.3 MHz with a rotating frequency of 10 kHz. The nanostructured samples shown here were milled in a zirconia vial. b) 11 B MAS NMR spectra of crystalline, nanocrystalline, nanoglassy and crystalline LiBO 2 recorded at 128.3 MHz with a rotating frequency of 10 kHz.
nanoglass. It seems that only slight structural changes are responsible for this decrease of diffusivity. The shift of IR bands corresponding to the silicate and borate network, respectively, indicate that this slight change might be a structural relaxation. If we consider the picture of statistical, chaotic high-energy impact on the material to be ground again and imagine what could happen to a glass with its structure far away from room-temperature equilibrium, it is not surprising that the energy transferred by the impact provokes the structure to relax. Structural relaxation in glasses is a well known phenomenon which can be induced by annealing at a temperature below the glass transition temperature T g or in mechanical treatment (see, e.g., Refs. [67, 68, 55, 69] ).
Conclusion
Li diffusion in two glass forming model systems was studied. The influence of high-energy ball milling on the diffusivity was examined for both crystalline and glassy samples. In case of the crystalline samples, an increase of diffusivity was found, while in the glassy samples, the diffusivity was decreased during milling. The diffusivities of the ball milled crystalline and glassy samples approach each other. The convergence effect was verified using both short-range and longrange sensitive methods. A possible structural concept explaining the findings is proposed. The increase of diffusivity in the crystalline sample is due to the formation of amorphous grain boundaries. The decrease of diffusivity in the glassy sample might be due to structural relaxation. The structure of the glass is comparable to the equilibrium structure of the liquid at elevated temperatures. In mechanical treatment, the structure might relax to a state nearer to equilibrium. The structure of this relaxed glass is supposed to be similar to that of the amorphous grain boundaries produced by HE ball milling in the crystalline materials. The proposed structural model is corroborated by IR spectroscopy and MAS NMR spectroscopy measurements.
